Abstract Dielectric-barrier discharges (DBDs) in atmospheric pressure air have been studied by using a power-frequency voltage source. In this paper the electrical characteristics of DBDs using glass and alumina dielectrics have been investigated experimentally. According to the Lissajous figures of voltage-charges, it is discovered that the discharge power for an alumina dielectric is much higher than that for a glass dielectric at the same applied voltage. Also, the voltage-current curves of the glass and alumina dielectrics confirm the fact that the dielectric barriers behave like semiconducting materials at certain applied voltages.
Introduction
Dielectric-barrier discharges (DBDs) are applied where non-equilibrium discharges are required to operate at atmospheric pressure. The DBD combines a high electron energy with a low neutral gas temperature, readily producing many plasma-chemical ions and neutral species with low gas heating. DBDs are widely used in industry, environment and medicine, for many technological applications such as surface modification, deposition, cleaning, removing pollutant gases and sterilization [1∼3] . DBD produces plasmas in which the majority of the electrical energy goes primarily into the production of energetic electrons-instead of heating the entire gas stream. These energetic electrons produce such excited species as free radicals and ions, as well as additional electrons through electron-impact dissociation, excitation and ionization of background gas molecules. Numerous physical and chemical processes take place within the micro-discharges [4] .
It is found that the stability of the DBD depends on the amplitude of the applied voltage, air gap distance, electrode configuration and the thickness of the dielectric barrier [5, 6] . The dielectric barrier material is one of the key factors for the proper functioning of DBD plasmas [7, 8] . The reactivity of DBD plasma is expected to be enhanced by increasing the permittivity of the dielectric barrier material [9] . In our present work, glass and alumina are used as barrier materials to generate DBD plasmas. The electrical characteristics of the DBDs in atmospheric pressure air, especially in the case of using power-frequency applied voltage, are investigated experimentally and the results are discussed. Fig. 1 is schematic diagram of the present experimental setup. The experimental setup consists of two plane-parallel graphite electrodes of 6.2 mm in diameter. In order to compare the discharge characteristics of the DBDs, several configurations have been designed and tested, and the discharge configurations finally adopted in the paper are selected based mainly on the discharge stability of the glass and alumina dielectrics. The two graphite electrodes are covered with two different dielectric barriers; in one case they are covered with two glass sheets of 0.7 mm in thickness and 8.2 mm in diameter, and in other case they are covered with two alumina sheets of 1.5 mm in thickness and 13.2 mm in diameter. The gap distances between the two dielectric sheets are 1.0 mm for the glass dielectric, and 2.0 mm for the alumina dielectric. A voltage booster and a high voltage transformer, which generates sinusoidal voltage (0 ∼ 10 kV) using a power-frequency voltage source, were used as the electric power supply to derive the discharge system. The discharge was operated in open air at atmospheric pressure. The discharge voltage across the electrodes and the discharge current passing through the system were recorded using a digital oscilloscope (Agilent 54622A -100 MHz). The discharge current was measured by the voltage drop across a resistance R (=100 Ω) connected in series with the discharge system to the ground through a connection to switch 1. The voltage across the two electrodes was also measured using the potential divider of a resistance system R 1 (=100 MΩ), R 2 (=100 kΩ). The Lissajous figure of the voltage charges was measured by the voltage drop across the resistance R 2 and by the charge of the capacitor C (=104 pF) connected in series with the discharge system to the ground through connecting to switch 2. A dual display multimeter was used to measure the average discharge current. Fig. 2 is schematic of the equivalent circuit of the discharge process at low-frequency, which was used for creating and analyzing the DBD discharge. The air gap during discharging is equivalent to a Zener diode, in which C d and C g are the equivalent capacitors of the dielectric and the gas gap, respectively [10] . 
Experimental setup

Fig.1 Schematic diagram of DBDs
Micro-discharges current waveforms
As is known, DBD is often composed of many discharge filaments whose development occurs in some tens of nanoseconds [11] . Fig. 3 (a) and (b) show the single micro-discharge current waveforms for the glass and the alumina dielectrics, respectively. There is no obvious difference in the micro-discharge pulse width, whereas the peak of the micro-discharge current of the alumina dielectric is about ten times bigger than that for the glass dielectric. 
Voltage-current waveforms of the DBDs
The voltage and the current waveforms of the air discharge at the same peak applied voltage (=7.5 kV) were recorded on the oscilloscope. Fig. 4 represents the discharge voltage-current oscillogram as a function of time. It can be seen from Fig. 4(a) that by using a glass dielectric, a streamer discharge was formed, which is characterized by discrete current spikes. These spikes are related to the formation of micro-discharges of tens of nanoseconds duration in the gap space. These microdischarges are randomly distributed in the discharge area. The peak of each spike is related to the number of instantaneous microfilaments that were formed at this instant [12] . It is obvious that it is a filamentary discharge rather than a uniform discharge. Fig. 4(b) shows a typical oscillogram of the voltage and discharge current of an alumina dielectric. Numerous microdischarges occur as a result of the micro-hole and the compactness of the alumina dielectric [13] . It is well known that in the case of DBD discharge, the microdischarge results from streamer development, the current variation is very rapid and the discharge duration is shorter than 100 ns [3] . The discharge in air is characterized by a large number of current pulses per halfcycle of the applied voltage in the same periodicity, and the discharge current in the positive half-cycle is nearly the same as that in the negative half-cycle. To better compare the discharge characteristics for glass and alumina dielectrics, the voltage-average current waveforms at an applied peak voltage (= 7.5 kV) have been measured. In the case of the glass dielectric, the average discharge current is very small, for there are several filamentary discharges during every cycle (see Fig. 5(a) ). But in the case of the alumina dielectric, a large number of micro-discharge or streamer pulses occur, which leads to about 0.1 mA average discharge current (peak value). It can be noted from Fig. 5(b) that the average discharge current and the applied voltage are nearly in phase.
(a) Glass dielectric sheets, (b) Alumina dielectric sheets Fig.5 Voltage-average current waveforms of air discharge at applied voltage of 7.5 kV (peak value)
Discharge powers
In glass dielectric DBD, the equivalent capacitor of gas gap C g equals 0.47 pF for a 1.0 mm air gap; the equivalent capacitor of the glass dielectric C d is 1.28 pF for two glass sheets of 0.7 mm in thickness (ε r = 3.8).
In alumina dielectric DBD, C g equals 0.60 pF for a 2.0 mm air gap; C d is 3.63 pF for two alumina sheets of 1.5 mm in thickness (ε r = 9.0) (see Fig. 2 ).
The methods to determine the electrical power input into the discharge are quite different from the AC operation of DBD. For AC excitation, the discharge current is in the form of multiple narrow pulses superimposed on the displacement current (see Fig. 4 ). The contribution of different currents, i.e. discharge and displacement currents, can be evaluated by the Lissajous method first proposed by MANLEY [14] . An additional capacitor much larger than the capacitance of the DBD is used in series with the discharge circuit to accumulate the total charge during one AC half-cycle and its voltage is plotted versus the discharge voltage. The power injecting into the discharge plasma is given by [15, 16] :
So the discharge power is determined from the area of the discharge voltage versus the charge diagram for AC excitation. The energy deposited into the discharge in one cycle is calculated from the breakdown voltage and total charge determined from the Lissajous figure of voltage versus charge. The average deposited power is given by [17, 18] :
where C g is the gap capacitance, C d is the dielectric capacitance, f is the repetition frequency, V min is the minimum external voltage required to ignite the discharge and V max is the maximum applied voltage. The average discharge powers as functions of the applied voltage for both glass and alumina dielectrics are shown in Fig. 8 . With the increase of the applied voltage, a number of micro-discharges are produced, leading to the increase of the average discharge powers. The discharge power for the alumina dielectric is about 7.8 mW, whereas the discharge power for the glass dielectric is only about 1.9 mW under the same applied voltage 7.5 kV (peak value). The discharge characteristics for the glass and alumina dielectrics show that the discharge powers are mainly affected by the permittivity of the dielectric materials and the number of micro-discharges.
Impedances of the glass and the alumina sheets
In order to study the micro-discharges in the dielectrics, the impedances of the two dielectrics were investigated. Two glass dielectric sheets of 0.7 mm in thickness and two aluminum sheets of 1.5 mm in thickness were pasted firmly on its two sides. Then a voltage was applied between the glass or aluminum sheets, respectively, without any discharge gap. By gradually increasing the applied voltage and recording the voltage and current waveforms, the impedances of the glass and the alumina sheets were estimated. The V-I curves of the glass and the alumina sheets are shown in Fig. 9 and Fig. 10 , respectively. It can be observed that two lines of different slopes have been obtained, and in turn it can be stated that the impedance of the glass sheets decreases from about 1500 MΩ to 150 MΩ, i.e. it has been decreased to a tenth of its original value, as the applied voltage increases to about 2.5 kV. This decrease in the impedance of the glass sheet is due to the generation of internal discharges [13] . However, three lines of different slopes have been obtained, from which it can be stated that the impedance of the alumina sheets decreases from 527 MΩ to about 172 kΩ as the applied peak voltage increases to 1.2 kV and to about 68 kΩ as the applied peak voltage increases to 2.4 kV. The experimental results confirm the fact that the two dielectric barriers behave like semiconducting materials at a certain applied potential due to the generation of DBDs.
Conclusions
In summary, the DBD plasma discharge characteristics in atmospheric pressure air have been investigated experimentally. The discharge powers are affected by the permittivity of the dielectric material and the number of micro-discharges. In the case of the alumina dielectric, numerous current pulses are generated during discharge as a result of its micro-holes and compactness, and the average discharge current and the applied voltage are nearly in phase. However, in the case of the glass dielectric, only several filamentary discharges occur during every cycle. Also, the experimental results show that the discharge power for the alumina dielectric is much higher than that for the glass dielectric.
